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ATTORNEY DOCKET NO: 920030271 US 1 

METHODS OF FABRICATING VERTICAL CARBON NANOTUBE FIELD 
EFFECT TRANSISTORS FOR ARRANGEMENT IN ARRAYS AND FIELD 
EFFECT TRANSISTORS AND ARRAYS FORMED THEREBY 

Field of the Invention 

The invention relates to semiconductor device fabrication and, more particularly, 
to methods of constructing vertical carbon nanotube field effect transistors and arrays 
thereof, and device structures and arrays of device structures formed by such methods. 

5 Background of the Invention 

Traditional field effect transistors (FET's) are familiar conventional devices 
commonly incorporated as a fundamental building block into the intricate circuitry of 
integrated circuit (IC) chips. Downward scaling of FET dimensions has improved circuit 
performance and increased the functional capability of FET's packed on an IC chip. 

10 However, continued dimensional reductions may be hampered by the size limitations 

associated with traditional materials and the costs associated with lithographic patterning. 

Carbon nanotubes are nanoscale high-aspect-ratio cylinders consisting of 
hexagonal rings of carbon atoms that may assume either a semiconducting electronic state 
or a conducting electronic state. A conventional method for synthesizing carbon 

15 nanotubes suitable for forming FET arrays utilizes a chemical vapor deposition (CVD) 
process. Specifically, the CVD process directs a flow of a carbonaceous reactant to a 
catalyst material located on the planar substrate, where the reactant is catalyzed to 
synthesize the carbon nanotubes. The carbon nanotubes grow and lengthen by insertion 
of activated carbon atoms at the interface with the catalyst material. The carbon 

20 nanotubes are then harvested for use in various end applications. 
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FET's have been successfully fabricated using a semiconducting carbon nanotube 
as a channel region and forming contacts at opposite ends of the semiconducting carbon 
nanotube extending between a gold source electrode and a gold drain electrode situated 
on the surface of a substrate. A gate electrode is defined in the substrate underlying the 
5 carbon nanotube and generally between the source and drain electrodes. An oxidized 
surface of the substrate defines a gate dielectric situated between the buried gate electrode 
and the carbon nanotube. 

Nanotube FET's should switch reliably while consuming significantly less power 
than a comparable silicon-based device structure due to the small dimensions of the 

10 carbon nanotube. Such FET's have been successfully formed under controlled laboratory 
conditions by manipulating single semiconducting carbon nanotubes using an atomic 
force microscope for precision placement between the source and drain electrodes. 
Nanotube FET's have also been formed by coincidental placement of a single 
semiconducting carbon nanotube between the source and drain electrodes from among a 

1 5 randomly dispersed group of semiconducting carbon nanotubes. 

Large arrays of FET's are demanded in the fabrication and mass production of IC 
chips. Conventional manipulation or coincidental placement of carbon nanotubes cannot 
satisfy the requirements for mass production. Unfortunately, as the carbon nanotubes 
lengthen, the flow of CVD reactant(s) to the catalyst material becomes restricted, which 

20 slows or even halts nanotube synthesis. In certain FET designs, the catalyst material may 
be located at the base of a high-aspect-ratio opening, which further restricts reactant flow. 

What is needed, therefore, is a method of synthesizing an array of FET's 
incorporating carbon nanotubes compliant with mass production techniques and in which 
a CVD nanotube-synthesis process transpiring at a catalyst material integrated into the 

25 FET structure is not limited by reactant flow restrictions. 

Summary of the Invention 

In accordance with the invention, a semiconductor device structure includes a gate 
electrode with a vertical sidewall covered by a gate dielectric and a semiconducting 
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carbon nanotube extending vertically at a location adjacent to the vertical sidewall of the 
gate electrode. A source is electrically coupled with one end of the semiconducting 
carbon nanotube and a drain is electrically coupled with an opposite end of the 
semiconducting carbon nanotube. Multiple semiconductor device structures may be 
5 arranged in an array and interconnected together either as a memory circuit or as a logic 
circuit. 

In another aspect of the invention, a method is provided for fabricating a device 
structure. The method includes forming a stacked structure including a plurality of 
catalyst pads each coupled electrically with a source contact, a gate electrode layer, and 

10 an insulating layer separating the gate electrode layer from the plurality of catalyst pads. 
The method further includes partitioning the stacked structure to define a plurality of gate 
electrodes in the gate electrode layer in which adjacent gate electrodes are separated by a 
reactant path and each of the plurality of catalyst pads is at least partially exposed to the 
reactant path at a location proximate a vertical sidewall of a corresponding one of the 

1 5 plurality of gate electrodes. At least one semiconducting carbon nanotube is synthesized 
on each of the plurality of catalyst pads with a chemical vapor deposition process that 
involves directing a reactant through the reactant path to each of the plurality of catalyst 
pads. 



Brief Description of the Drawings 

20 The accompanying drawings, which are incorporated in and constitute a part of 

this specification, illustrate embodiments of the invention and, together with a general 
description of the invention given above, and the detailed description of the embodiments 
given below, serve to explain the principles of the invention. 
FIG. 1 A is a top view of a portion of a substrate; 
25 FIG. IB is a cross-sectional view taken generally along lines IB- IB in FIG. 1 A; 

FIG. 2 A is a top view of the substrate of FIG. 1 A at a subsequent fabrication 

stage; 

FIG. 2B is a cross-sectional view taken generally along lines 2B-2B in FIG. 2 A; 
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FIG. 3 A is a top view similar to FIG. 2A at a subsequent fabrication stage; 
FIG. 3B is a cross-sectional view taken generally along lines 3B-3B in FIG. 3 A; 
FIG. 4A is a top view similar to FIG. 3 A at a subsequent fabrication stage; 
FIG. 4B is a cross-sectional view taken generally along lines 4B-4B in FIG. 4A; 
FIG. 5 A is a top view similar to FIG. 4A at a subsequent fabrication stage; 
FIG. 5B is a cross-sectional view taken generally along lines 5B-5B in FIG. 5A; 
FIG. 6A is a top view similar to FIG. 5A at a subsequent fabrication stage; 
FIG. 6B is a cross-sectional view taken generally along lines 6B-6B in FIG. 6A; 
FIG. 7A is a top view similar to FIG. 6A at a subsequent fabrication stage; 
FIG. 7B is a cross-sectional view taken generally along lines 7B-7B in FIG. 7A; 
FIG. 8A is a top view similar to FIG. 7A at a subsequent fabrication stage; 
FIG. 8B is a cross-sectional view taken generally along lines 8B-8B in FIG. 8A; 
FIG. 9A is a top view similar to FIG. 8A at a subsequent fabrication stage; 
FIG. 9B is a cross-sectional view taken generally along lines 9B-9B in FIG. 9A; 
FIG. 1 OA is a top view similar to FIG. 9 A of a device structure in accordance with 
an alternative embodiment of the invention; 

FIG. 1 OB is a cross-sectional view taken generally along lines 10B-10B in FIG. 

10A; 

FIG. 1 1A is a top view similar to FIG. 1 OA of a device structure in accordance 
20 with an alternative embodiment of the invention; 

FIG. 1 IB is a cross-sectional view taken generally along lines 1 IB- 1 IB in FIG. 

11 A; 

FIG. 12A is a top view similar to FIG. 1 1 A of a device structure in accordance 
with an alternative embodiment of the invention; and 
25 FIG. 12B is a cross-sectional view taken generally along lines 12B-12B in FIG. 

12A. 
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Detailed Description of Specific Embodiments 

The invention in its various embodiments provides methods for forming arrays of 
field effect transistors (FET's) incorporating semiconducting carbon nanotubes as a 
channel region and, optionally, conducting carbon nanotubes as a component of a gate 
5 contact and/or a source contact. Adjacent FET's are spaced apart such that, as the carbon 
nanotubes lengthen, the flow of CVD reactant(s) to a catalyst material supporting 
nanotube synthesis does not become restricted. Because the nanotube synthesis is 
unencumbered by significant flow restrictions, the carbon nanotubes may be grown at a 
higher rate to a greater length, and arrays of FET's may be formed by appropriate mass 

1 0 production techniques. 

With reference to FIGS. 1A and IB, a layer stack 10 is formed on a substrate 12 
covered by multiple parallel rows or stripes of a conductive layer 14 composed of a 
conducting material that participates in a source/drain connection in the completed device 
structure 54 (FIGS. 9A and 9B). Substrate 12 may be composed of any suitable substrate 

15 material, including but not limited to silicon (Si), gallium arsenide (GaAs), glasses, 
silicon carbide (SiC), and silicon dioxide (Si0 2 ). If substrate 12 is composed of a 
conducting material, then it must be covered by an insulating material (not shown) so that 
the discrete device structures 54 are not shorted together after fabrication. The layer stack 
10 includes a patterned layer of catalyst pads 16 separated from a gate conductor 18 by an 

20 insulating layer 20. The gate conductor 18 consists of a blanket layer of a conductive 
material, such as highly-doped polycrystalline silicon (polysilicon) deposited by a low 
pressure chemical vapor deposition (LPCVD) process. The insulating layer 20 is formed 
from a thin film of an insulating material, such as Si0 2 , silicon nitride (Si 3 N 4 ) or silicon 
oxynitride (SiO x N y ), deposited by any suitable conventional deposition technique. The 

25 material forming substrate 12, conductive layer 14 and gate conductor 18 do not catalyze 
synthesis of carbon nanotubes. 

The catalyst pads 16 are formed by depositing a blanket layer of the catalytic 
material by any conventional deposition technique including, but not limited to, a 
chemical vapor deposition (CVD) process using suitable precursors such as metal halides 
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and metal carbonyls, sputtering, and physical vapor deposition (PVD), and then 
employing a standard lithographic and subtractive etch process to pattern the blanket 
layer. Catalyst pads 16, which are electrically conducting, are positioned so that the 
stripes of conductive layer 14 are not shorted to one other. The catalytic material in 
5 catalyst pads 16 is any material capable of nucleating and supporting the synthesis or 
growth of semiconducting carbon nanotubes when exposed to appropriate reactants under 
chemical reaction conditions suitable to promote nanotube growth. Suitable catalytic 
materials for catalyst pads 16 include, but are not limited to, iron, nickel, cobalt, 
compounds of these metals such as metal oxides and metal silicides, and alloys of these 

10 metals. In the case of metal oxides, it may be necessary to perform a reduction to access 
or activate the catalyst material. The catalyst material or a material alloyed with the 
catalyst material, such as transition metals, potassium, rubidium, or arsenic pentafluoride 
(AsF 5 ), may also be capable of selectively diffusing from catalyst pad 16 into synthesized 
semiconducting carbon nanotubes 42 (FIGS. 7A and 7B), under appropriate conditions, 

1 5 for increasing the electrical conductivity of the diffused region, as explained below. 

References herein to terms such as "vertical", "horizontal", etc. are made by way 
of example, and not by way of limitation, to establish a frame of reference. The term 
"horizontal" as used herein is defined as a plane parallel to the conventional plane or 
surface of substrate 12, regardless of orientation. The term "vertical" refers to a direction 

20 perpendicular to the horizontal, as just defined. Terms, such as "on", "above", "below", 
"side" (as in "sidewall"), "higher", "lower", "over", "beneath" and "under", are defined 
with respect to the horizontal plane. It is understood that various other frames of 
reference may be employed without departing from the spirit and scope of the invention. 
With reference to FIGS. 2A and 2B in which like reference numerals refer to like 

25 features in FIGS. 1 A and IB and at a subsequent fabrication stage, an insulating layer 24 
is deposited on the gate conductor 18 and patterned by a standard lithographic and etch 
process. The insulating layer 24 is formed of a thin film of an insulating material, such as 
Si0 2 , Si 3 N 4 or SiO x N y , that does not catalyze synthesis of carbon nanotubes. Insulating 
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layer 24 may be deposited by any suitable conventional deposition technique. Insulating 
layers 20 and 24 should be thin for optimizing device performance. 

With reference to FIGS. 3A and 3B in which like reference numerals refer to like 
features in FIGS. 2 A and 2B and at a subsequent fabrication stage, the layer stack 10 
5 (FIGS. 2 A and 2B) is patterned to form an array of substantially identical, parallel 
columnar gate electrodes 25 running orthogonally to the stripes of conductive layer 14 
that cooperate to define a rectangular grid of device structures 54 (FIGS. 9A and 9B). To 
that end, vertically-aligned portions of the insulating layer 24 and the gate conductor 18 
are removed by a standard lithographic and etch process that also exposes regions of the 

10 catalyst pads 16 and conductive layer 14. Insulating layer 20 electrically isolates each 
gate electrode 25 from the conductive layer 14. In a memory application, each of the gate 
electrodes 25 defines a word line 26 for selecting all device structures 54 in a 
corresponding column of device structures 54. Although only two gate electrodes 25 are 
shown in FIGS. 3 A and 3B, the invention is not so limited, as any number of gate 

15 electrodes 25 may be defined in gate conductor 18 to comply with a specific circuit 
design. 

Adjacent stripes of the conductive layer 14 are each separated by one of multiple 
parallel stripes of insulating layer 12, which are exposed when portions of the insulating 
layer 20 and gate conductor 18 are removed. The stripes of conductive layer 14 define bit 

20 lines 27 for selecting all device structures 54 in a corresponding row of device structures 
54. The word lines 26 and bit lines 27 are interfaced with suitable circuitry (not shown) 
to read or address a specific device structure 54 at the intersection of a selected word line 
26 and a selected bit line 27. Hence, an array of memory device structures 54 is defined 
in accordance with this embodiment of the invention. 

25 With reference to FIGS. 4A and 4B in which like reference numerals refer to like 

features in FIGS. 3A and 3B and at a subsequent fabrication stage, a temporary spacer 28, 
which may be composed of Si0 2 or SiO x N y , is formed that covers the vertical surfaces of 
catalyst pads 16, insulating layer 20, and the gate electrodes 25. The thickness or width 
of temporary spacer 28 determines, after etching, a catalyst site or active area 34 of each 
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of the catalyst pads 16 that is eventually exposed to the reactant(s) for synthesizing 
carbon nanotubes. The size of the active area 34 is believed to be a factor in determining 
the dimensions of the semiconducting carbon nanotubes 42 (FIGS. 7 A and 7B) 
synthesized thereon. In certain embodiments of the invention, the width of the active 
5 areas 34 is on the order of a few nanometers. 

With reference to FIGS. 5A and 5B in which like reference numerals refer to like 
features in FIGS. 4A and 4B and at a subsequent fabrication stage, the active areas 34 are 
defined by removing portions of the catalyst pads 16 not masked by the temporary spacer 
28 using either a wet or dry etch process as understood by persons of ordinary skill in the 
10 art. Active areas 34 are revealed by removing the temporary spacer 28 with either a wet 
or dry etch process as understood by persons of ordinary skill in the art. Following the 
etch processes, the resultant structure includes an array of active areas 34 each having a 
desired feature size. One column of active areas 34 is aligned with each gate electrode 
25. 

15 In an alternative embodiment of the invention, the catalyst pads 16 are deposited 

with a monolayer thickness and annealed to create nanocrystals. The smaller nanocrystals 
may lead to the synthesis of smaller diameter nanotubes 42 (FIGS. 7A and 7B) and may 
favor the synthesis of single-wall carbon nanotubes 42. 

With reference to FIGS. 6 A and 6B in which like reference numerals refer to like 

20 features in FIGS. 5 A and 5B and at a subsequent fabrication stage, an insulating layer 38 
is applied to the vertical surfaces of each gate electrode 25. The insulating layer 38 may 
be composed of any suitable insulating or dielectric material, such as Si0 2 either grown 
by an oxidation process or deposited by a CVD process. The insulating layer 38 serves as 
a gate dielectric in the completed device structure 54 (FIGS. 10A and 10B). The word 

25 lines 26 are arranged as parallel columns and the bit lines 27 are arranged in parallel rows 
with adjacent word lines 26 separated by one of a corresponding plurality of open 
volumes or spaces 39 that supply reactant flow paths to the active areas 34. In certain 
embodiments of the invention, the ratio of the area defined by open spaces 39 to the total 
area viewed in a direction normal or perpendicular to substrate 12 is between about 20 
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percent and about 50 percent, preferably about 33 percent. The formation of insulating 
layer 38 may oxidize or otherwise inactivate the catalyst material forming active areas 34. 
The oxidized catalyst material may be reduced using hydrogen or forming gas at a 
temperature of about 300°C to about 600°C, which is selected to avoid potentially 
5 reducing insulating layer 38. 

With reference to FIGS. 7 A and 7B in which like reference numerals refer to like 
features in FIGS. 6A and 6B and at a subsequent fabrication stage, carbon nanotubes 42 
are grown or synthesized on active areas 34 by a CVD process. The length of the carbon 
nanotubes 42 is typically about 50 nm to about 500 nm, which corresponds approximately 

10 to the vertical height of the gate electrode 25. An optional spacer (not shown) may be 
applied about the vertical surfaces of the active areas 34 of catalyst pads 16 to eliminate 
nanotube synthesis from those vertical surfaces, which might potentially occlude the open 
spaces 39 and/or unwantedly create undesirable electrical connections by extending 
between adjacent word lines 26 or adjacent bit lines 27. If the conductive layer 14 

15 exposed in open spaces 39 is composed of a conducting material that supports nanotube 
synthesis, a layer (not shown) of a temporary masking material must be applied to cover 
the exposed horizontal surfaces of conducting layer 14 during nanotube synthesis and 
then removed following nanotube synthesis. 

Each active area 34 supports the synthesis of one or more semiconducting carbon 

20 nanotubes 42. In one embodiment of the invention, the nanotube synthesis conditions 
and reactant(s) and/or the types of catalyst material constituting catalyst pads 16 are 
chosen to selectively grow semiconducting carbon nanotubes 42 on active areas 34. 
Alternatively, semiconducting carbon nanotubes 42 on active areas 34 may be 
preferentially selected from among a collection of as-grown nanotubes 42 including both 

25 conducting and semiconducting molecular structures by, for example, applying a current 
sufficiently high to destroy nanotubes 42 having a conducting molecular structure. An 
exemplary approach for post-synthesis destruction of conducting carbon nanotubes is 
described in commonly-assigned U.S. Patent Number 6,423,583, which is hereby 
incorporated by reference herein in its entirety. 
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Carbon nanotubes 42 constitute hollow cylindrical tubes of precisely arranged 
hexagonal rings of bonded carbon atoms having a structure characterized by a 
semiconducting electronic state. The cylindrical tubes may have a diameter ranging from 
about 0.5 nm to many nanometers as limited by the dimensions of the active area 34 and, 
5 if multi-wall, may have a sidewall thickness of several nanometers. The carbon 

nanotubes 42 may, without limitation, be multi-wall nanotubes resembling concentric 
cylinders or, alternatively, may constitute single-wall nanotubes. 

The carbon nanotubes 42 extend upward from the corresponding active areas 34 
with a vertical or, at the least, a substantially vertical orientation as the invention 

10 contemplates minor deviations from verticality (e.g., tilting) in growth direction may 
occur. The lengthening carbon nanotubes 42 will closely spatially follow or conform to 
the adjacent vertical surface of the gate electrode 25. The vertical directionality of 
nanotubes 42 is expected to be particularly evident for plasma enhanced CVD in which 
the nanotubes 42 may lengthen in the direction of an electric field present in the open 

1 5 spaces 39. Although not wishing to be bound by theory, it is believed that van der Waals 
forces will operate to attract the lengthening carbon nanotubes 42 to the vertical surface 
of the insulating layer 38. 

The CVD process or plasma-enhanced CVD process synthesizing the carbon 
nanotubes 42 relies on any suitable gaseous or vaporized carbonaceous reactant(s) 

20 including, but not limited to, carbon monoxide (CO), ethylene (C 2 H 4 ), methane (CH 4 ), 
acetylene (C 2 H 2 ), xylene (C 6 H 4 (CH 3 ) 2 ), a mixture of C 2 H 2 and ammonia (NH 3 ), a mixture 
of C 2 H 2 and nitrogen (N 2 ), a mixture of C 2 H 2 and hydrogen (H 2 ), and a mixture of ethanol 
(C 2 H 6 0) and N 2 , supplied under growth conditions suitable for promoting carbon 
nanotube growth on the catalytic material forming the catalyst pads 16. Substrate 12 may 

25 be heated to a temperature adequate to promote and/or hasten CVD growth. The 

reactant(s) are delivered or supplied to each active area 34, where the reactant chemically 
reacts with the catalyst material to nucleate carbon nanotubes 42 and to sustain their 
growth following nucleation. In particular, the reactant(s) freely flow without significant 
flow constrictions in the volume defined by the open spaces 39 between word lines 26 to 
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the active areas 34 for participating in the synthesis of semiconducting carbon nanotubes 
42. Synthesis is expected to occur by addition of carbon atoms at an interface between 
each of the carbon nanotubes 42 and the corresponding active area 34. The catalyst 
material of the catalyst pads 16 participates in and promotes carbon nanotube synthesis 
5 without itself being transformed or consumed by the chemical reaction transpiring at its 
exposed surface by reducing the activation energy of the reaction forming semiconducting 
carbon nanotubes 42. 

Either during nanotube synthesis or by a higher temperature thermal anneal after 
nanotube synthesis is completed and the reactant(s) are no longer present, atoms 

10 originating from the catalyst material or from a material alloyed with the catalyst material 
may be diffused into a region of length of the semiconducting carbon nanotubes 42. The 
presence of the diffused species would increase the electrical conductivity of the 
semiconducting carbon nanotubes 42 in the diffused region of length, which is preferably 
approximately equal to the thickness of insulating layer 20. Typically, the diffusion 

1 5 would be performed at a temperature higher than the temperature during nanotube 

synthesis, which controllably promotes diffusion only after the carbon nanotubes 42 are 
synthesized. In other words, the conduction-increasing species is not transferred from the 
active areas 34 of catalyst material into the carbon nanotubes 42 during synthesis, which 
might otherwise compromise the semiconducting properties of the nanotubes 42 for 

20 lengths of nanotubes 42 horizontally aligned with the gate electrode 25. 

With reference to FIGS. 8A and 8B in which like reference numerals refer to like 
features in FIGS. 7A and 7B and at a subsequent fabrication stage, a fill layer 46 of a 
dielectric material is conformally deposited by a conventional process to fill the open 
spaces 39 between adjacent word lines 26 and any spaces, if present, between adjacent 

25 semiconducting carbon nanotubes 42. The fill layer 46 may be, for example, Si0 2 

deposited by a CVD process or a spin-on glass characterized by a low dielectric constant. 
Fill layer 46 stabilizes the position of the carbon nanotubes 42 either contacting or 
proximate to insulating layer 38. Fill layer 46 is polished flat by CMP or any other 
suitable planarization technique and another insulating layer 48, such as Si0 2 , is 
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deposited on planarized fill layer 46. The polishing removes fill layer 46 to a depth 
sufficient to also shorten lengthy nanotubes 42 projecting above the horizontal plane of an 
upper surface of insulating layer 24. 

With reference to FIGS. 9 A and 9B in which like reference numerals refer to like 
5 features in FIGS. 8 A and 8B and at a subsequent fabrication stage, source/drain contacts 
50 electrically coupled with the semiconducting carbon nanotubes 42 and gate contacts 52 
electrically coupled with the gate electrode 25 are formed by defining contact openings in 
insulating layer 48 by a standard lithographic and etch process, optionally lining the 
contact openings with one or more barrier/adhesion enhancement layers (not shown), and 

10 blanket depositing a metal, such as tungsten, to fill the contact openings with metal plugs, 
and then removing the excess overburden of conductive material by any suitable 
planarization technique, such as CMP. The free ends or leading tips of certain of the 
carbon nanotubes 42 are exposed when the contact openings are etched and project 
vertically into the bulk of the corresponding contacts 50 after the contact openings are 

15 filled with corresponding metal plugs to form source/drain contacts 50. 

The resultant structure is a memory circuit including memory device structures 54 
arranged as an interconnected row and column array of field effect transistors each 
including a gate defined by gate electrode 25, source/drain contact 50, a second 
source/drain contact defined by catalyst pad 16 and the stripes of conductive layer 14, a 

20 gate dielectric defined by insulating layer 38, and a semiconducting channel region 
defined along the length of the semiconducting carbon nanotubes 42. Each completed 
device structure 54 is electrically coupled for operation in the memory circuit with other 
device structures 54 supported on adjacent regions of the substrate 12. 

A plurality of capacitors 55 and a plurality of capacitors 56, shown 

25 diagrammatically in FIGS. 9A and 9B, are electrically coupled with drain contacts 50 in 
different word lines 26 for charge storage. This structure is described in more detail, for 
example, in S. Arai et al., IEEE IEDM 01-403 (2001), which is hereby incorporated by 
reference herein in its entirety. Current flows selectively from the catalyst pad 16 through 
the carbon nanotubes 42 for storing charge in the capacitor 56 when a sufficient electrical 
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voltage is applied to an appropriate word line 26 from one of conductive lines 57, 59. 
The memory device structures 54 are electrically coupled by the stripes of conductive 
layer 14 (e.g., bit lines 27) and the gate electrodes 25 (e.g., word lines 26), which are used 
to read and write the binary state of the memory device structures 54. 
5 With reference to FIGS. 10A and 10B in which like reference numerals refer to 

like features in FIGS. 1-9 and in accordance with an alternative embodiment of the 
invention, a memory device structure 58 includes a second patterned layer of catalyst pads 
22 provided at a location generally overlying the gate conductor 18 (FIGS. 1 A and IB) 
and underlying the insulating layer 24 (FIGS. 2 A and 2B) in the layer stack 10. The 

10 catalytic material constituting catalyst pads 22 is any electrically conducting material 
capable of nucleating and supporting the synthesis or growth of carbon nanotubes 44 
when exposed to appropriate reactants under chemical reaction conditions suitable to 
promote nanotube growth. Suitable catalytic materials for catalyst pads 22 are described 
above with regard to catalyst pads 16. One or more carbon nanotubes 44, of which at 

15 least a fraction of multiple carbon nanotubes 44 have a structure characterized by a 
conducting electronic state, are grown or synthesized by a CVD growth process on 
catalyst pads 22. The synthesis conditions characterizing the CVD growth process may 
be modified to preferentially grow conducting carbon nanotubes 44. The length of carbon 
nanotubes 44 is typically about 10 nm to about 100 nm. Gate contacts 60, which replace 

20 gate contacts 52, are electrically coupled with the carbon nanotubes 44 and, hence, are 
electrically coupled with a corresponding one of gate electrodes 25. 

In one embodiment of the invention, contact openings are defined in insulating 
layer 24, fill layer 46, and insulating layer 48 by a standard lithographic and etch process 
to expose the catalyst pads 22 subsequent to a fabrication stage corresponding to FIGS. 

25 8A and 8B. The carbon nanotubes 44 are synthesized by the CVD growth process and the 
contact openings are filled with metal plugs to provide the gate contacts 60. The carbon 
nanotubes 44 project vertically into the bulk of the corresponding gate contacts 60 after 
the contact openings are filled with corresponding metal plugs. 
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Insulating layer 24 is shortened horizontally such that the vertical edge of the layer 
24 is withdrawn from the vertical surface of gate electrode 25 overlying the active area 
34. The reduced width of the insulating layer 24 also reduces the likelihood that a free 
end of bent carbon nanotubes 42 (FIGS. 8 A and 8B) formed on catalyst pad 16 can 
5 contact a vertical surface of insulating layer 24 and thereby be spaced away from the 
vertical surface of the gate electrode 25. 

With reference to FIGS. 1 1 A and 1 IB in which like reference numerals refer to 
like features in FIGS. 1-10, conductive layer 14 of a logic device structure 74 is etched at 
a fabrication stage equivalent to the fabrication stage of FIGS. 1A and IB to define 

10 discontinuities in the layer striping, which are ultimately filled with portions of fill layer 
46. As a result and in cooperation with the striping of the conducting layer 14 visible in 
FIGS. 4 A and 4B, adjacent device structures 74 are electrically isolated unless 
intentionally interconnected in the completed device structure to form a logic circuit. The 
semiconductor device structures 74 are constructed from layer stack 10 (FIGS. 2 A and 

15 2B) modified by patterning the gate conductor 18 using standard lithographic and etch 
processes to define an array of substantially identical gate electrodes 66 configured as 
spaced apart islands. The gate electrodes 66 are arranged as columns and rows of an 
array in which adjacent gate electrodes 66 are separated by one of a corresponding 
plurality of open spaces 39 that supply reactant flow paths to a corresponding one of the 

20 active areas 34 during growth of the semiconducting carbon nanotubes 42. 

Source/drain contacts 68 electrically coupled with one end of the semiconducting 
carbon nanotubes 42, metal posts 80 electrically coupled with a conducting pad 76 to 
define a source connection via conducting layer 14 with an opposite end of the 
semiconducting carbon nanotubes 42, and gate contacts 70 electrically coupled with each 

25 gate electrode 66 are formed by standard lithographic and etch processes in insulating 
layer 48. One truncated stripe of conducting layer 14 extends horizontally beneath each 
gate electrode 66 from the corresponding metal post 80 to electrically couple with the 
associated catalyst pad 16. The truncated stripe of conducting layer 14, the catalyst pad 
16 and the metal post 80 collectively form a second source/drain contact. Conductive 
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metallization lines 82, 84, and 86 interconnect the source/drain contacts 68, the gate 
contacts 70 and the metal posts 80, respectively, for operation as a logic circuit as 
understood by persons of ordinary skill in the art. 

With reference to FIGS. 12A and 12B in which like reference numerals refer to 
5 like features in FIGS. 1 1 A and 1 IB and in accordance with an alternative embodiment of 
the invention, a logic device structure 88 further includes catalyst pads 76 each formed 
from a catalyst material capable of supporting the growth of at least one conducting 
carbon nanotube 90. Catalyst pads 76, which are electrically conducting, are introduced 
into layer stack 10 by the process forming catalyst pads 16. Carbon nanotubes 90, of 

10 which at least a fraction have a conducting electronic state, are synthesized at a 

fabrication stage corresponding to the fabrication stage of FIGS. 7 A and 7B at which the 
semiconducting carbon nanotubes 42 and, optionally, carbon nanotubes 44 (FIGS. 10A 
and 10B) are synthesized. Source/drain contacts 92 formed by a standard lithographic 
and etch process in the insulating layer 48 are electrically coupled with the conducting 

15 carbon nanotubes 90. The free ends of the carbon nanotubes 90 extend into the bulk of 
the source/drain contacts 92. The source/drain contacts 68, the gate contacts 70 and the 
source/drain contacts 92 are interconnected by conductive metallization lines 82, 84, and 
86, respectively, for operation as a logic circuit as understood by persons of ordinary skill 
in the art. The invention contemplates that the gate contacts 70 may be also formed 

20 partially by conducting carbon nanotubes (not shown but similar to carbon nanotubes 44 
depicted in FIGS. 10A and 10B). 

While the invention has been illustrated by a description of various embodiments 
and while these embodiments have been described in considerable detail, it is not the 
intention of the applicants to restrict or in any way limit the scope of the appended claims 

25 to such detail. Additional advantages and modifications will readily appear to those 

skilled in the art. Thus, the invention in its broader aspects is therefore not limited to the 
specific details, representative apparatus and method, and illustrative example shown and 
described. Accordingly, departures may be made from such details without departing 
from the spirit or scope of applicants' general inventive concept. 

IBM ROC 920030271 US 1 
WH&E IBM/272 
Patent Application 



